Introduction 1
The majority of people with CF are adults 1, 2 . They lead active lives similar to healthy adults of similar age including education, employment, sexual relationship and reproduction 3 . In men with CF, infertility due to complete bilateral absence of vas deferens (CBAVD) is almost universal. While normal fertility is expected in women with CF, a high rate of subfertility 4 is reported, although the exact prevalence is not known.
Subfertility in women with CF was first described in the 1970s, with findings of expression of cystic fibrosis transmembrane regulator (CFTR) in the cervical epithelium, and thick cervical mucus in CF patients [5] [6] [7] . It was hypothesized that the deficient CFTR in the cervical epithelium led to abnormal cervical mucus production resulting in reduced sperm permeability 7 . Studies in mice demonstrated the presence of CFTR in various organs of the genital tract, such as the oviduct and uterus 8, 9 , as well as the hypothalamus and pituitary gland 10 suggesting a role for CFTR function in the reproductive system. Girls with CF have delayed menstruation associated with delays in achieving pubertal levels of insulin-like growth factor-I (IGF-I), luteinizing hormone (LH), follicle-stimulating hormone (FSH) and sex steroid hormones 11 . In a cohort of ten women with CF, it was found that five (50%) had anovulatory menstrual cycles, which were associated with lower essential fatty acids and a higher insulin response to an oral glucose challenge, compared with ovulatory CF women and healthy controls 12 . These findings suggested a role for pre-diabetes in CF related subfertility. Low levels of anti-Mullerian hormone (AMH), considered to be a marker of ovarian reserve 13 , were found in women with CF compared to healthy controls 14 . In a recent survey of CF women and their sexual practices, the age of menarche was significantly delayed in girls with CF compared to healthy girls (13 vs. 12 years of age in average) 3 .
Whether the described endocrine abnormalities in CF are secondary to deficient CFTR function or are a result of impaired nutritional status is not known.
The increased prevalence of female subfertility has led to an increased use of assisted reproductive technology (ART). In recent surveys, high rates of subfertility and the use of ART were found in Israeli and French women with CF (34 and 40%) 15, 16 . However, due to small numbers of patients, assessment of factors associated with subfertility could not be determined.
Our aim was to establish the prevalence of subfertility and to assess whether any specific factors are associated with female subfertility in CF.
Methods
We conducted a retrospective multinational-multicenter study, including women with CF from eleven CF centers in five countries, Israel (Six CF centers), France (Lyon), UK (Belfast), Italy (Milan), and Spain (Barcelona). The study protocol was approved by local Helsinki committees in all centers. We included female patients aged 18 and above with an established diagnosis of CF 17 and no prior lung transplantation. We assigned a reference date for every woman-the date of conception (calculated as 40 weeks before date of birth) of the oldest child. For a nulliparous woman, this was the date on which data was retrieved from the clinic registry. Fertility status was determined from interviewing CF center staff, ascertaining fertility investigations, including laboratory assessments of reproductive endocrine function, and reproductive treatments with data from fertility services in different centers. Women were assigned a fertility category according to the accepted definition of "fertility" by the American Society for Reproductive Sciences 18 : 1. Normal fertility -having achieved a spontaneous pregnancy; 2.
Subfertility-having required assisted reproduction after 1 year of infertility or achieving spontaneous pregnancy after over 1 year of unprotected intercourse 18 ; 3. Infertility-remained infertile despite treatments; 4. Not attempted childbearing. Women who experienced termination of pregnancies, miscarriages etc. were categorized according to the mode of conception. Data were collected from patients' hospital files or electronic medical records relevant from the reference date. These included: height, weight and BMI, lung function as forced expiratory volume in one second (FEV1) % predicted (best value during the year before the reference date). CF-related diabetes mellitus (CFRD) at the reference date, glycosylated hemoglobin for all of the women, and results of oral glucose tolerance test (OGTT) at 2 hours for women without CFRD taken as the last measurement prior to the reference date. Pancreatic insufficiency was determined by fecal elastase less than 200 mg/gr; lack of pancreatic enzyme replacement with no evidence of gastrointestinal (GI) complications was taken as a proof of pancreatic sufficiency. CFTR mutation class was categorized as:
Class I-III: Both alleles carrying mutations classified as class I, II, or III; Class IV/V mutation: at least one allele carrying a mutation classified as class IV/V, the other allele with any identified mutation; Unknown mutation: at least one of the alleles with an unidentified mutation (despite standard or advanced genetic testing) [19] [20] [21] . Colonization with bacteria was defined by Leeds criteria: airway samples which are pseudomonas positive in ≥50% of the explored months 22 .(Pulmonary exacerbations-the total number of pulmonary exacerbations (defined as a physician decision to treat with oral or intravenous (IV) antibiotics 23 ) in the year ending at the reference date (ie, 92 weeks-40 weeks before birth for women who had concieved). 
Statistical analysis was

3.2
Comparison between women who attempted pregnancy and those who did not:
Women who did not attempt pregnancy were younger than women who did attempt pregnancy (age 28.7±8 years vs. 30.4±9 years, p=0.032) and had a higher frequency of 2 class I-III mutations compared to at least one class IV-V or unknown mutations, (p<0.0001), were more likely to be PI (74% vs. 49%, 
Factors associated with subfertility or infertility
Comparing women with normal fertility to women with subfertility or infertility (grouped together due to small numbers in the infertility group), pancreatic insufficient women had a higher prevalence of subfertility compared to pancreatic sufficient women (42% vs. 29%, p=0.033). Older age at first attempt of conception was also significantly associated with subfertility (age of fertile women 28. hour blood glucose OGTT (for women without CFRD) were available for only a minority of women, and not associated with the risk of subfertility ( Table 2 ). In a logistic regression model assessing risks of subfertility, age above 31 years and pancreatic insufficiency were independently associated with subfertility (OR for pancreatic insufficiency 1.9(1.03-3.5), p=0. 04; Figure 1 and Table 3 ). Table 3 
. Multivariate analysis of factors associated with female subfertility
Abbreviations: Pseudomonas aeruginosa (PA); Pancreatic sufficiency (PS); Pancreatic insufficiency (PI) Logistic regression model for factors influencing fertility in women with CF who attempted conception.
Twenty-seven women were excluded from this model due to lack of complete data.
Information on mode of conception was available for 29 women: in 20 women, pregnancy was achieved by in vitro fertilization (IVF), 5 with IUI, 3 with hormonal therapy, 1 woman experienced a spontaneous pregnancy after prolonged delay (over one year and thus was considered as subfertility).
Discussion
This is the first multicenter-multinational study to investigate female fertility, in a large cohort of over 600 women with CF. In this cohort 241 women (40%) attempted pregnancy which is in keeping with a recent survey of attitudes towards fertility and pregnancy among women with CF 24 . Compared to women who attempted pregnancy, women who did not attempt pregnancy were younger, but with greater CF severity reflected in a higher frequency of severe CFTR mutations, PI and lower BMI and lung function. The group of women who did not attempt pregnancy is likely comprised of two populations: young women who are yet to plan families and older women who have never attempted conception. It is likely that the differences between women who did not attempt conception to those who did are largely driven by the latter subgroup of older women with severe CF. These differences may reflect the greater disease burden among the severe patients, occupying them with the illness and treatment, and interfering with finding partners and planning a family. These findings may also reflect the practice of CF physicians discouraging women with low lung function from becoming pregnant, due to concerns of complications [25] [26] [27] .
The rate of subfertility in our cohort was 35%. In comparison, established rates of subfertility in the general population are much lower-5-15% 28, 29 . The risk of subfertility significantly increases with age, a finding that is also well documented among non-CF women and attributed to diminishing ovarian reserve with ageing. The observed rate of subfertility in our cohort of women with CF with an average age of 30.4 years is also higher compared to women of a similar age range in the general population-14% 28 .
When assessing risk factors for subfertility, pancreatic insufficiency was significantly associated with subfertility (OR 1.9 [1.03-3.5], p=0.04). Pancreatic sufficiency is usually associated with residual CFTR function 30 , but in our cohort, differences in mutation classes between fertile and sub/infertile women did not reach statistical significance. A possible explanation to the lack of significant association between mutation class and fertility might be misclassification of rare and poorly described CFTR mutations 19 .
Colonization with PA was associated with an increased rate of subfertility, but in a regression model was not found to be an independent contributor, and may be influenced by the older age of the sub/infertile women. Due to incomplete data on lung function and BMI, it is not possible to determine whether these factors are associated with infertility. Due to the adverse obstetric outcomes of women with low lung function and poor nutritional status 26, 27 , women should be advised against pregnancy in these situations.
To the best of our knowledge, no previous study has tested associations between sub/infertility in women with CF and disease severity parameters. Multiple mechanisms have been suggested for the reduced fertility of women with CF-hormonal, as well as mechanical (altered composition of cervical mucus due to deficient CFTR in the cervical endothelium). In most of the women in this study, information regarding ovarian and hormonal reserve, as well as cervical mucus quality was not available.
However, the strong association of subfertility to advancing age may suggest that the important contributor to female subfertility may be ovarian and hormonal reserve, rather than cervical mucus quality, which is not influenced by advancing age. While it is known that poor nutritional status may interfere with menstruation 31 , in our cohort BMI was not associated with subfertility.
The cause of female subfertility was not investigated or not known for most of the women. Indeed, it is a common practice of many reproductive centers to minimize extensive reproductive assessments such as analysis of cervical mucus, and proceed to ART. It may therefore be suggested that an attempt should be made to prioritize fertility treatment with ovulation induction and IUI, rather than IVF, which is associated with a higher risk and cost.
This study is limited by the lack of formal and uniform assessment of the reason for subfertility in most of the women. In addition, sub/infertile females were identified by CF center multidisciplinary teams, and it is likely that some attempts of conception will not have been recorded, possibly resulting in underestimation of sub/infertility rate. Some of the factors, for example BMI and measures of glycemic control, were available for only part of the women, and this may underestimate a possible effect.
However, we do not expect that women with missing data were unevenly distributed between the fertility groups, and therefore we do not expect that there was a bias in the interpretation of results.
Due to the nature of CF care, attempts to conceive are usually discussed by patients with the CF staff, and it is common for fertility and obstetrics services to request the assessment of CF physicians for each referral. These practices make the assignment of fertility status reasonably robust and allow us to assess prevalence and risk factors. We were able to obtain information on a large number of women with CF in a multinational cohort, minimizing the risk of bias by different practices across different centers.
In conclusion, we report an elevated prevalence of subfertility in women with CF that is increasing with advancing age and is associated with pancreatic insufficiency. Future studies exploring the mechanisms and the response to CFTR modulation on female subfertility may further improve our knowledge in this field.
